patterns of base-specific fluorochromes, Ag-NORs, and 18S and 5S ribosomal sites in Thalassoma noronhanum, Halichoeres poeyi, and Halichoeres radiatus individuals from distinct coastal or insular regions of Atlantic. Notably, all of them are characterized by multiple 18S and 5S rDNA sites with syntenic arrangements in some chromosome pairs. Individuals of T. noronhanum (between the insular regions of Rocas Atoll and Fernando de Noronha Archipelago -FNA) and H. poeyi (coastal areas from Northeastern Brazil) show no detectable differences among their cytogenetic patterns. On the other hand, H. radiatus from FNA and São Pedro and São Paulo Archipelago exhibit differences in the frequency of rDNA sites that could suggest some level of population structuring between these insular regions. Interregional cytogenetic inventories of marine species with wide geographic distribution need to be rapidly expanded. These data will allow a better understanding of the level of chromosomal stability between vast oceanic spaces, which may be less than previously thought.
INTRODUCTION
In the Western Atlantic, physical and ecological conditions may differ within large ocean expanses occupied by a number of fish species (Ferreira et al., 2004; Floeter et al., 2007) . These variations delimit conspicuously distinct regions inside the geographic occupation setting of species stimulating analyses of the degree of genetic connectivity. In contrast to the freshwater fauna, where conspicuous barriers provide ample opportunities for allopatric speciation, oceans contain fewer geographic barriers . Furthermore, species exhibit high potential larval dispersion, which under physical and ecological conditions may interfere in the fixation of exclusive chromosomal rearrangements (Molina and Galetti, 2004; Molina, 2007; Sena and Molina, 2007) . Vicariant events such as the closure of the Panama Isthmus, the Amazon River discharge and the intrinsic capacities of dispersion and adaptation to new habitats, regulate marine biodiversity in the tropical Atlantic (Rocha, 2003; Floeter et al., 2007) . In fact, physical agents, such as marine currents, temperature and salinity, contribute to different levels of gene flow among regions, even between congeneric species (Rocha and Bowen, 2008) , and the joint actions of these parameters may shape chromosomal diversity among species. In this respect, genetic and cytogenetic analyses have significantly contributed to identify population variations in the marine environment. In fact, in this habitat, the biodiversity distribution patterns are complex as a result of the synergic interaction between vicariant events, species diversity, local adaptations, and ecological conditions (Rocha et al., 2005; Molina et al., 2012b) .
Cytogenetic studies in marine fish populations have been largely improved by in situ hybridization techniques (Accioly et al., 2012; Artoni et al., 2015) . Indeed, the distribution and frequency of a large number of chromosomal markers have allowed the discrimination of cryptic karyotypes or slight interspecific chromosomal differentiations, not diagnosed by conventional cytogenetic techniques (Motta-Neto et al., 2011; Lima-Filho et al., 2012) .
Phylogenetic analyses of Atlantic marine fishes have confirmed the action of biogeographic barriers, especially the Amazon discharge, in the restriction of gene flow among populations, culminating in speciation processes (Rocha, 2003) . However, in addition to the large biogeographic barriers, other less discernible ones, and still little known in the Atlantic environment, can also promote genetic divergences among populations (da Cunha et al., 2014) .
The Labridae family, with significant ecological dominance in reef systems (Westneat and Alfaro, 2005) , displays examples of allopatric and ecological diversification (Rocha et al., 2005) . In this sense, cytogenetic analyses of Labridae species/populations, some of them geographically distributed in remote areas and subjected to diverse environmental conditions, are useful tools to identify genetic structuring.
Halichoeres is the most representative Labridae genus, consisting of 80 species (Eschmeyer and Fong, 2016) . Of these, 15 are found in the Atlantic environment, living in coastal regions and oceanic islands (Rocha et al., 2010) . The genus Thalassoma, although distributed over all the oceans, is less diversified encompassing 28 species. Six of these species are found in the Western Atlantic (Froese and Pauly, 2016) , of which T. noronhanum is widely distributed among Brazilian oceanic islands and coastal regions (Bernardi et al., 2004) .
Given their vast geographic distribution, Halichoeres and Thalassoma species are particularly well suited for cytogenetic investigations considering their insular and coastal distribution in the Western Atlantic. Therefore, with the aim of comparing cytogenetic regional profiles, chromosomal features of T. noronhanum, H. poeyi, and H. radiatus were investigated from different spatial distribution (insular/insular; coastal/coastal), using conventional staining, C-banding, Ag-NORs, and fluorescence in situ hybridization (FISH) with 18S and 5S rDNAs probes. The specimens were submitted to mitotic stimulation using intraperitoneal inoculation of fungal and bacterial antigen complexes (Molina et al., 2010) . The collection and handling of specimens followed protocols approved by the Ethics Committee on the Use of Animals of the Federal University of Rio Grande do Norte (Process No. 044/2015) . Mitotic chromosomes were obtained from the suspension of kidney fragments, according to the in vitro technique (Gold et al., 1990) . The chromosomes were stained with 5% Giemsa solution and diluted in phosphate buffer, pH 6.8. The heterochromatic regions were visualized using the C-banding technique (Sumner, 1972) , while the nuclear organizing regions (Ag-NORs) were identified by the silver nitrate impregnation method (Howell and Black, 1980) . Staining with fluorochromes mithramycin (MM) and 4',6-diamidino-2-phenylindole (DAPI) followed the protocol of Schweizer (1976) . 
MATERIAL AND METHODS

Obtaining species and chromosomal preparations
Obtaining probes for chromosomal hybridization
The 5S and 18S rDNA probes, containing approximately 200 and 1400 bp, respectively, were obtained by polymerase chain reaction (PCR) from the nuclear DNA of Rachycentron canadum (Teleostei, Perciformes), using primers A 5'-TAC GCC CGA TCT CGT CCG ATC-3' and B 5'-CAG GCT GGT ATG GCC GTA AGC-3' for 5S rDNA (Pendas et al., 1994) , and NS1 5'-GTA GTC ATA TGC TTG TCT C-3' and NS8 5'-TCC GGT GCA TCA CCT ACG GA-3' for 18S rDNA (White et al., 1990) . The 18S and 5S rDNA probes were labeled with digoxigenin-11-dUTP and biotin-11-dATP (Invitrogen, Carlsbad, CA, USA), respectively, according to manufacturer's instructions.
Chromosomal hybridization
FISH was performed according to Pinkel et al. (1986) . Metaphase chromosomes were treated with RNAse (20 µg/mL in 2X SSC) at 37°C for 1 h, and pepsin (0.005% in 10 mM HCl) for 10 min, fixed with 1% formaldehyde for 10 min and then dehydrated in an alcohol series (70, 85, and 100%) for 5 min in each step. The slides with metaphase chromosomes were incubated in 70% formamide/2X SSC at 72°C, for 5 min and dehydrated again in an alcohol series (70, 85, and 100%) for 5 min in each step. The hybridization solution, consisting of 50% formamide, 2X SSC, 10% dextran sulfate and the denatured probe (5 ng/µL), in a final volume of 30 µL, was deposited onto the slide and hybridization was performed for 16 h at 37°C. Post-hybridization washes were conducted in 15% formamide/0.2X SSC at 42°C, for 20 min, followed by washing in 0.1X SSC at 60°C for 15 min and 0.5% Tween 20/4X SSC for 5 min at 25°C. The slides were then incubated for 15 min in a 5% NFDM/4X SSC blocking buffer and washed in 0.5%Tween 20/4X SSC for 15 min. The hybridization signals of the probes were detected using anti-digoxigenin conjugated with rhodamine (Roche, Mannheim, Germany) for the 18S rDNA probe and streptavidin-FITC (Vector, Burlingame, USA) for the 5S rDNA probe. The chromosomes were counterstained with Vectashield/DAPI (1.5 µg/ mL) (Vector). The metaphases were photographed with an Olympus TM BX50 epifluorescence microscope, coupled to an Olympus DP73 digital capture system, using the cellSens software (Olympus Corporation, Ishikawa, Japan). The chromosomes were defined based on the ratio between the arms, according to Levan et al. (1964) .
RESULTS
The cytogenetical data extended and consolidated the previous information available for these species (Sena and Molina, 2007; Amorim et al., 2016; Almeida et al., 2017) . In fact, the three species present karyotypes with 2n = 48 chromosomes in the marine regions analyzed and a similar chromosomal macrostructure, with only some small differences for T. noronhanum. The heterochromatin is also preferentially located in centromeric and pericentromeric positions of the chromosomes in all species (Figures 2 and 3) .
T. noronhanum (RA and FNA insular regions) has a karyotype composed of 2sm+46a (Figure 2) . The Ag-NOR sites are located on the short arms of pair 1, the only submetacentric pair of the karyotype (Figure 2a) . The 18S rDNA sites are present in the same region of this chromosome pair, and co-localized with 5S rDNA. Moreover, 5S rDNA sites also occupy the short arms of pair 14 (Figure 2g ). The MM + regions are co-located with the rDNA sites, except in pair 5 (Figure 2e) .
H. poeyi (coast of RN and BA) and H. radiatus (FNA and SPSPA) exhibit karyotypes consisting entirely of acrocentric chromosomes (Figures 2 and 3) . The first species exhibits multiple Ag-NOR sites located on the short arm of pairs 5 and 15 (Figure 2 ). The mapping of rDNA sequences identified multiple 18S sites occupying the short arms of pairs 5, 6, and 15 (Figure 2h) , and 18S/5S arrays on chromosome pairs 5 and 15. The samples of T. noronhanum and H. poeyi, despite exhibiting diversified location and organization of ribosomal sites, show similar interregional patterns.
By contrast, H. radiatus showed chromosomal differentiations for individuals from the FNA and SPSPA islands. In this species, two Ag-NOR bearing chromosome pairs (pairs 5 and 24) occur in FNA individuals, while three Ag-NOR bearing chromosome pairs (pairs 5, 14, and 24) are present in the SPSPA individuals (Figure 3) . However, hybridization with 18S rDNA probe also indicated additional signals in pair 15 for both FNA and SPSPA individuals, corresponding thus to three and four NOR bearing chromosome pairs, respectively. With respect to the ribosomal sequence organization, the 18S rDNA sites are located exclusively in pair 15 in individuals of both insular regions. In addition, 18S/5S co-located arrays occur in pairs 5 and 24 from both localities and in pair 14 from SPSPA individuals (Figure 3g and h). Although some intra-regional polymorphism was detected for 18S rDNA sites, the modal frequency differs significantly between the geographical regions and can be used as a conspicuous cytogenetic marker between the FNA and SPSPA of H. radiatus individuals. The organization of ribosomal sequences in the genome of the species analyzed exhibits structural peculiarities that are phylogenetically shared among Julidini species. Thus, all the species displayed 18S/5S rDNA co-localized arrays, with some exclusive 18S rDNA and 5S rDNA sites.
DISCUSSION
Are chromosome markers sufficiently sensitive to identify regional structuring in marine fishes? Comparative cytogenetic analyses between geographic samples of T. noronhanum (island-island), H. poeyi (coast-coast) and H. radiatus (island-island) are a first systematic assessment on the use of chromosome markers in identifying interpopulational variation in marine reef fishes. The delimitation of populations in the marine environments is largely dependent on indirect evidence and, in this respect, genetic and cytogenetic markers are very informative (Galetti et al., 2006; Artoni et al., 2015) .
Labridae is one of the Perciformes groups with considerable chromosomal diversification. Their diploid numbers vary from 22 to 48 chromosomes, with a wide diversity of karyotype formulas (Sena and Molina, 2007; Arai, 2011) . In this context, T. noronhanum, H. poeyi, and H. radiatus are among the species pool with structurally conserved karyotypes, with 2n = 48 chromosomes exclusively or predominantly acrocentric. In fact, this is a frequent basal condition in several groups of Perciformes (Brum and Galetti, 1997; Galetti et al., 2006) .
Among Labridae fish, complex heterochromatic regions have been identified in species from the Tribe Hypsigenyini, namely the hogfishes. The species Bodianus rufus, B. pulchellus, and B. insularis exhibit an atypical chromosomal region, exceptionally decondensed and argentophilic, but without affinity with 18S rDNA probes and not a GC-rich region (Molina et al., 2012a) . On the contrary, in the species now analyzed, the heterochromatin has a predominantly centromeric distribution, seemingly little variable, with low intra-and interspecific discriminatory power. However, base-specific fluorochromes exhibit multiple GC + heterochromatic regions (6 to 8 sites), congruent with Ag-NOR and 18S and 5S rDNA sites. This condition indicates heterogeneity in the heterochromatic distribution, as well as in the organization of the rDNA sites on the chromosomes.
Repetitive DNAs play an important role in the evolution of fish karyotype (Canapa et al., 2002; Cioffi et al., 2015) . Indeed, because of their dynamics, they are associated with karyotype rearrangements and diversification in many groups of Perciformes (Getlekha et al., 2016) . The three species exhibit 18S/5S rDNA syntenic arrays, also identified in other Halichoeres species (Amorim et al., 2016) , which suggest a shared condition in the Tribe Julidini. The 18S and 5S rDNA arrays occur in one chromosome pair in T. noronhanum (pair 1), in two pairs in H. poeyi (pairs 5 and 15), and in three pairs in H. radiatus (pairs 5, 14, and 24). Both Halichoeres species share 18S/5S rDNA sites in different locations of pair 5. In H. poeyi, the 18S/5S rDNA arrays occupy a terminal position of the acrocentric pair 5, while in H. radiatus they are clearly located in an interstitial position on this chromosome. Assuming that these pairs are homeologous, it is possible to infer a clear paracentric inversion involving the ribosomal sites. These rearrangements are under-notified in fish chromosomes due to their problematic identification, and their occurrence has already been reported for only a few species.
In T. noronhanum, 5S rDNA sites are individualized (pair 14) or co-located with 18S rDNA sites (pair 1). In the two Halichoeres species, all the 5S rDNA sites exhibit a syntenic 18S/5S arrangement. Syntenic arrangements of ribosomal genes are a derived condition in Perciformes (Nakajima et al., 2012; Calado et al., 2014; Costa et al., 2016) and Characiformes (Voltolin et al., 2013) , and this exclusive feature in both Halichoeres species demonstrates that this organization does not interfere with the gene function. The similarity in the organization of ribosomal genes in the Thalassoma and Halichoeres genera indicates a symplesiomorphic condition in the Julidini species. Data from a broader taxonomic spectrum may probably explain whether this gene arrangement is more basal and shared with other Labridae groups.
Geographic comparative analyses in Noronha wrasse (T. noronhanum) demonstrate a same chromosome pattern between individuals from the oceanic islands of the RA and FNA, including the frequency and distribution of 18S and 5S rDNA sites. Similarly, H. poeyi showed no detectable chromosomal differences between the RN and BA coasts, where the Brazil Current flows from the former to the latter. On the other hand, earlier cytogenetic inter-regional studies suggest that this karyotypic similarity may not be sustained in H. poeyi individuals from higher latitudes, such as those from the Rio de Janeiro (RJ) coast, located around 1400 km from South BA. In contrast to the specimens from RN and BA, which present two Ag-NOR bearing chromosome pairs, those from RJ have preferentially one chromosome pair (Sena and Molina, 2007) , suggesting cytogenetic differentiations among them.
H. radiatus, despite exhibiting structurally similar karyotypes, differs in the frequency of the18S ribosomal sites among insular regions. In individuals from FNA, these sites are distributed into three chromosome pairs (5, 15, and 24), while in the individuals from SPSPA, these sites also occur in pair 14. Accordingly, the distribution of the GC + regions is in agreement with the location of the ribosomal sites on the chromosomes.
Phylogeographic studies in Pomacentridae species from the same coastal and insular regions, surveyed in the present study, report similar data for molecular markers. Indeed, analyses of the mtDNAD-loop sequence in the Chromis multilineata from the ocean coast and the FNA and SPSPA regions, identified high genetic similarity between the FNA and the coast individuals, which includes the RA (da Cunha et al., 2014), a condition compatible with the chromosomal similarity exhibited by T. noronhanum. On the other hand, there is a moderate level of genetic structuring between the FNA and SPSPA populations, in line with the variation in the number of the 18S ribosomal sites that occur in H. radiatus individuals between these oceanic islands.
The remote SPSPA is formed by a few rocky islands located in the Meso-Atlantic chain, 1100 km from the closest point on the Brazilian mainland. It is one of the few places where the ocean floor rises above the surface, representing an ecologically peculiar region, with high endemism and low diversity (Ferreira et al., 2009) , when compared to other Brazilian oceanic islands. This archipelago is influenced by the South Equatorial Current in the East-West direction and the South Equatorial Countercurrent in the opposite direction. FNA is closer to the mainland (365 km) and 600 km apart from SPSPA. The FNA is influenced by both currents but, due to its proximity to the coast, is also under the effect of the North Brazil Current (Getlekha et al., 2016) . The inter-regional variation, concerning the location and frequency of the ribosomal sites in H. radiatus, seems not to be only a polymorphic condition, but instead a response to some level of gene flow restriction between the insular areas. Indeed, the genetic individualization of species from the SPSPA (da Cunha et al., 2014) agrees with these data.
Phylogeographic analyses of the puddingwife wrasse (H. radiatus) in the Atlantic revealed no genetic differences between populations from FNA and St. Croix, an oceanic Caribbean island, despite the 4200 km separating these regions. Thus, vast geographic distances between populations of Halichoeres do not always restrict gene flow. However, in some species, it seems to be particularly affected by ecological differences among regions (Rocha et al., 2005) . Vicariant events, combined with habitat differentiation (Bernardi et al., 2000) , have been shown to be promoters of genetic diversification in some marine groups. In this respect, analysis based on the linear distances, especially among insular environments, may disregard physical and biological parameters that may act on regional chromosomal differentiations. On the other hand, the absence of chromosomal differentiations in H. poeyi individuals between the coastal regions of RN and BA corroborates the synergic action caused by the absence of physical barriers, ecological similarities, dispersive potential of the species, as well as the possible homogenizing action of the Brazil Current flowing southward between these regions. Intra-specific variations have been commonly analyzed from the standpoint of molecular markers. However, chromosomal investigation also constitutes a valuable tool for understanding the evolutionary dynamism and aspects of post-zygotic isolation among populations. In this sense, the increase of cytogeographic studies will improve the knowledge of the complex gene flow patterns, reproductive isolation and incipient speciation processes involving other fish species from the insular regions of the western South Atlantic.
